Abstract. The present study was conducted to investigate the key genes and the inflammatory signaling pathways involved in HLA-B27-associated acute anterior uveitis (AAU) families. Four families with HLA-B27-positive AAU patients and their HLA-B27-positive blood relatives were included in the study. peripheral blood monocytes were isolated from the subjects and stimulated by lipopolysaccharides (LPS). Gene expression microarrays were used to identify the differentially expressed genes (DEGs), and the DEGs were analyzed by a range of bioinformatics-based techniques, including Gene Ontology (GO), Pathway analysis, Signal-Net analysis and Gene Relation Network (Gene-Rel-Net). Finally, ELISA was used to quantify cytokines in the supernatant. The gene expression microarrays identified 801 DEGs, including 349 upregulated and 452 downregulated genes. The GO analysis revealed several important functions, including metabolic, immune and inflammatory responses. The pathway analysis highlighted the enhanced activity of Staphylococcus aureus infection, chemokine and metabolic signaling pathways, as well as cytokine-to-cytokine receptor interactions. A total of 18 DEGs that were found to play critical roles by Signal-Net and Gene-Rel-Net and verified by quantitative polymerase chain reaction analysis were identified as key genes. In conclusion, monocytes from the AUU patients were more sensitive and exhibited a more prominent inflammatory response to stimulation by LPS compared with monocytes from healthy HLA-B27-positive blood relatives. These characterized DEGs may provide new evidence for the pathogenesis of AAU and help identify new therapeutic targets.
Introduction
Uveitis, which affects the iris, ciliary body and choroid, is an intraocular inflammatory disease and an important cause of visual impairment, even blindness (1) . Based on the anatomical localization of inflammation, uveitis may be classified as anterior, posterior and panuveitis (2) . Anterior uveitis (AU) is the most prevalent type of uveitis. HLA-B27-associated acute AU (AAU) was originally described in 1973 and remains the most common type of AAU. The arthrogenic̸uveitogenic peptide hypothesis (3) and the HLA-B27 misfolding hypothesis have been proposed to explain the role of HLA-B27 in AAU. There is also evidence that innate immunity may be involved, in addition to the role of adaptive immunity, in the pathogenesis of HLA-B27-related disease. Since elements of both innate and adaptive immune reactions are observed, HLA-B27-related disease should be placed in the spectrum between autoimmune and autoinflammatory disease (4) .
The basic concept of arthrogenic̸uveitogenic peptide hypothesis is that HLA-B27 molecules present antigens that share sequence homology with self-peptides to HLA-B27-restricted CD8 + T cells, which are autoreactive (5). These activated T cells induce inflammation as a result of a cross-reactivity with peptides in the eye (3) . HLA-B27 heavy chains have a tendency to misfold, and it has been suggested that such misfolding may lead to the development of HLA-B27-related disease (6, 7) .
Extensive clinical and laboratory research has provided evidence that Gram-negative bacteria and their lipopolysaccharides (LPS) are associated with AAU (8) . According to recent studies, the earliest responders to bacterial infection are mononuclear cells (9) . Once activated, mononuclear cells produced a series of inflammatory cytokines and chemokines that cause marked amplification of the inflammatory process. Although the pathogenesis is not clear, evidence shows that both adaptive and innate immune responses may be involved in the occurrence of uveitis (10, 11) . To explore the pathogenetic mechanism of AAU, this study group found prominent A study of the key genes and inflammatory signaling pathways involved in HLA-B27-associated acute anterior uveitis families differences between the monocytes of HLA-B27-positive AAU patients and HLA-B27-negative healthy controls. In response to LPS stimulation, 1,105 and 25 genes were upregulated in the HLA-B27-positive AAU patients and HLA-B27-negative healthy controls, respectively. Gene Ontology (GO) and pathway analysis illustrated that these genes participated in protein transport and folding, which are key to the inflammatory process (12) . In the present study, we compared the gene expression profiles of monocytes from HLA-B27 AAU susceptible families before and after LPS stimulation using Affymetrix microarrays. According to Signal-Net, Gene Relation Network (Gene-Rel-Net), GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, we also demonstrated the role of these different genes in inflammation. Currently, one of the major challenges is to identify key genes involved in HLA-B27 AAU and to design more effective targeted anti-inflammatory therapeutic strategies.
Materials and methods

Study population.
Patients who suffered from HLA-B27-associated AAU without systemic immune disease were diagnosed and classified according to the International Uveitis Study Group Standards (13) and were recruited to the Eye Clinic of Beijing Chao-Yang Hospital, between September 2013 and March 2014. Four patients who fulfilled these criteria and their immediate HLA-B27-positive healthy (without AAU or systemic immune disease) family members as controls were included in the study. All the subjects had received flow cytometric HLA-B27 testing at Beijing Chao-Yang Hospital prior to enrollment. All candidates provided written informed consent and the clinical research protocol was approved by the Ethics Committee of Beijing Chao-Yang Hospital, Capital Medical University. The eligible subjects included 3 men and 5 women aged 32-55 years (mean age, 42 years). All the patients were in the convalescence stage, with no signs or symptoms, and were only adminsitered topical eye drops, without systemic immune inhibitors.
isolation and identification of monocytes. Peripheral blood (16 ml) from HLA-B27-positive AAU patients and healthy blood relatives was collected into heparinized tubes and immediately processed in order to separate peripheral blood mononuclear cells (PBMC) with the Ficoll-Hypaque method. The cell viability was ≥95% as determined with trypan blue staining. Each cell suspension was then distributed to chambers of 12-well culture plates with a mean concentration of 1x10 6 cells̸ml̸well. The plates were incubated in a humidified incubator with 5% CO 2 at 37˚C for 4 h to ensure that the monocytes adhered to the plates. Non-adherent cells were removed by washing with Hank's Balanced Salt Solution. The monocytes of HLA-B27-positive AAU patients were randomly divided into two groups: Stimulation group (A2) and non-stimulation group (A1). Similarly, the two groups of monocytes from HLA-B27-positive controls were labeled as stimulation group (B2) and non-stimulation group (B1). LPS (1 µg̸ml, final concentration) was added to each stimulation group (A2 and B2) and an equal volume of phosphate-buffered saline was added to the non-stimulation groups (A1 and B1). The monocytes were tested with CD14 immunofluorescence stain. Total RNA extraction and microarray assay. Total RNA was extracted from 24-h cultured monocytes by using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Carlsbad, CA, USA) and an RNeasy mini kit (Qiagen, valencia, CA, USA) according to the manufacturer's protocol. After verifying the integrity, concentration and purity of RNA, cDNA was generated by using a One-Cycle Target Labeling and Control reagent kit (Affymetrix, Santa Clara, CA, USA). Biotinylated and amplified cRNA was generated from the total RNA samples with a GeneChip IvT labeling kit and then hybridized at 45˚C to Affymetrix GeneChip Human Gene 1.0 ST arrays (both from Affymetrix) for 16 h. The abovementioned procedure was repeated in triplicate. Data were analyzed by GeneChip operating software.
Enzyme-linked immunosorbent assays (ELiSA
Data analysis. Gene expression patterns from groups A2, B2, A1 and B1 were analyzed to identify differentially expressed genes. We focused on those DEGs that were acquired following comparison between the A2 and B2 groups, but were not present in those acquired from the A1 and B1 groups, eventually narrowing down the key candidate genes. These candidate DEGs were selected after performing a paired t-test, and the threshold of significance was defined by P-value and false discovery rate (FDR) analysis (14-16). The FDR was calculated to correct the P-value, with a smaller FDR indicating a smaller error in the estimated P-value (17) . DEGs were identified to be up-or downregulated with a P-value of <0.05. GO analysis was used to analyze the main function of the DEGs. GO separated genes into categories, and gene regulatory networks were discovered based on biological processes, which is the key functional classification of the National Center for Biotechnology Information (18, 19) . Pathway analysis was applied to uncover a significant pathway of the differential genes according to KEGG. Gene-gene interaction network (Signal-Net) was constructed on the basis of the data of DEGs to show the core genes that played a critical role in this network (20) (21) (22) . The genes were described as indegree, outdegree, or degree. A higher degree indicated that the genes were more strongly correlated with others, and suggested a more important role in the signaling network. In addition, the number of source genes of a gene is referred to as the indegree of the gene and the number of target genes of a gene is its outdegree. Gene-Rel-Net was built according to the normalized signal intensity of specific expression genes (23) . For each pair of genes, we calculated the pearson's correlation and selected the significant correlation pairs to construct the network to locate core regulatory genes (24) . Core regulatory factors connected more adjacent genes and had higher degrees. The regulation difference of each gene was compared in different networks. ABS represents the absolute value of the difference of the relative degree; a higher ABS indicated that the genes have a more significant regulatory ability and play a more important role in the networks.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
A total of 18 candidate genes were selected to perform RT-qPCR analysis using the same sample of the total RNAs that was isolated using an RNeasy kit (Qiagen) according to the manufacturer's protocol. M-MLv reverse transcriptase (Promega, Madison, WI, USA) was used to synthesize cDNA. qPCR analysis and data collection were performed on the ABI 7500 qPCR system. The raw quantifications were normalized to the β-actin values for each sample and fold changes are shown as mean ± standard deviation (SD) of three independent experiments. Statistical analysis. Each experiment was performed independently at least three times. The results are expressed as mean ± SD. The differentially expressed genes were analyzed using paired Student's t-test. The RT-qPCR and ELISA results were analyzed with t-test. P<0.05 was considered to indicate statistically significant differences.
Results
Mononuclear cell separation and identification.
The monocytes were tested with CD14 immunofluorescence stain. The isolated mononuclear cells were round, kidney-shaped or irregular, with intact nuclei. The results of the immunofluorescence revealed that the monocytes were positive for the cell membrane marker CD14 (Fig. 1) .
Differentially expressed genes. A gene chip study was performed by using the Affymetrix probe data set. Paired Student's t-test was performed to identify genes that were expressed separately and differentially. As a result, genes that had a P-value <0.05 were considered to be significantly differentially expressed. Of the 801 differentially expressed genes that were initially identified, 349 were upregulated and 452 downregulated. A large negative logarithm of the P-value (-LgP-value) correlated with greater significance of the GO category. As shown in Fig. 2A , some of the upregulated GOs (up-GOs) included metabolic metabolites (cholesterol, threonine, γ-aminobutyric acid and glyceraldehyde-3-phosphate), regulation of transcription from RNA polymerase II promoter, leukocyte chemotaxis involved in inflammatory response, free ubiquitin chain polymerization, LPS transport and mitogen-activated protein kinase (MApK) import into nucleus. By contrast, some of the top downregulated GOs (down-GOs; Fig. 2B ) included immune (adaptive and innate) and inflammatory response, cell communication, positive regulation of I-κB kinase̸nuclear factor (NF)-κB cascade, signal transduction, small-molecule metabolic processes and transport. Within these GOs, a number of important functions, such as cell communication, NF-κB cascade, signal transduction, leukocyte chemotaxis and transport, were involved in the regulation of this immune-related disorder. Pathway analysis was used to identify the significant pathway of the differential genes according to KEGG. The Fisher's exact test and χ 2 test were used to select the significant pathway, and the threshold of significance was defined by the P-value. The x-axis is the negative logarithm of the P-value. The longer the bar, the smaller the P-value, so that pathway is more significant. As shown in Fig. 3 , there were some important pathways, including Staphylococcus aureus infection, chemokine signaling pathway, cytokine-to-cytokine receptor interaction and metabolic pathways. To screen for the important candidate genes among the declared 801 genes, we selected Signal-Net analysis and Gene-Rel-Net, and subsequently identified 18 genes. Signal-Net demonstrated the intensity of association between the differentially expressed genes and adjacent genes. This indicated that the genes were phosphoglycerate dehydrogenase (PHGDH), albumin (ALB), helicase-like transcription factor (HLTF), ring finger protein 130 (RNF130), and sorting nexin 2 (SNX2) with a higher degree (Fig. 4 and Table I ). In Gene-Rel-Net, interleukin-1 receptor-associated kinase 3̸M (IRAK3̸M), microsomal glutathione S-transferase 1 (MGST1), cytochrome b-245, β polypeptide (CYBB), Fc fragment of IgG, high-affinity Ia, receptor (CD64) (FCGR1A), gap junction protein, β2, 26 kDa (GJB2), chemokine (C-X-C motif) ligand 9 (CXCL9), guanine nucleotide-binding protein (G protein), q polypeptide (GNAQ), cathepsin S (CTSS), phosphatidic acid phosphatase type 2B (PPAP2B), leukocyte immunoglobulin-like receptor, subfamily B (with TM and ITIM domains), member 2 (LiLRB2), cell division cycle 42 (GTP-binding protein, 25 kDa) (CDC42), allograft inflammatory factor 1 (AiF1), and fibroblast growth factor 2 (basic) (FGF2) link most adjacent genes and have the largest degrees; thus, they were deemed as the core regulatory factors (genes) (Fig. 5 and Table II) .
RT-qPCR verification of the genes.
RT-qPCR was used to confirm the expression of the 18 candidate genes. Although the fold changes in mRNA varied between the microarray and RT-qPCR analyses, the expression results were relatively consistent for the analyzed genes. As expected, there were very few differences between the A1 and B1 groups. Compared with the results of the chip between A2 and B2, the expression of most genes indicated that the overall trend was consistent with the trend of the chip (Fig. 6 ).
ELiSA. The concentrations of TNF-α (at 24 h), IL-6 (at 24 h) and IL-10 (at 8 h) were compared in the culture supernatant of monocytes isolated from the patients and their blood relatives when the level of the cytokine reached the maximum following stimulation with LPS. We found that the concentrations of TNF-α (118.90 pg̸ml) and IL-6 (91.23 pg̸ml) were higher in the patients, while the concentration of IL-10 (13.35 pg̸ml) was higher in their blood relatives (Fig. 7) .
Discussion
HLA-B27 exhibits a wide distribution among geographic regions, which is affecting the prevalence of AAU worldwide. HLA-B27-associated AAU is the most common type of AAU, which represents a potential threat to visual integrity (25) ; however, the exact underlying mechanism has yet to be determined. Abundant studies have proven that LPS, a major component of Gram-negative bacterial cell walls, can induce AAU in animal models (26) (27) (28) (29) . Our previous studies demonstrated that LPS-related Gram-negative bacteria could activate TLR4-mediated immunity, resulting in the development of AAU (30, 31) . In addition, the extent of inflammation and gene expression levels from monocytes of HLA-B27-positive patients were significantly different compared with normal individuals in response to LPS stimulation (12) . Furthermore, ~18-32% of AAU patients are HLA-B27-positive, but only a few of the HLA-B27 carriers develop AAU (32) , as evidenced by HLA-B27-positive patients and blood-related healthy carriers. In the present study, we selected monocytes from patients with HLA-B27-associated AAU and their HLA-B27-positive blood relatives to investigate this anomaly. In order to identify the genes that play more important roles in the development of HLA-B27-associated AAU, we only enrolled HLA-B27-associated AAU patients and their immediate HLA-B27-positive healthy (without AAU or systemic immune disease) family members as controls, which significantly increased the difficulty of the enrollment for this study. Thus, a total of 8 subjects were ultimately enrolled. Although a bigger sample size would potentially optimize the results, the results presented herein exhibited statistical significance. We were also able to identify several potential target genes following data analysis. Microarray analysis of HLA-B27-associated AAU family has not been reported to date. High-throughout screening is also an effective method for comparing differentially expressed genes between experimental and control groups. In the present study, key genes and inflammatory signaling pathways involved in monocytes of HLA-B27-associated AAU families were studied by gene expression microarray. By comparing gene expression between the two groups, we identified 801 differentially expressed genes, of which 349 were upregulated and 452 were downregulated. The results indicated that LPS stimulation induced an altered expression in monocytes from HLA-B27-positive-AAU patients compared with their blood relatives. The DEGs were subsequently organized into different categories based on the biological processes. The results of the GO analysis suggested that immune and inflammatory response, regulation of I-κB kinase̸NF-κB cascade, free ubiquitin chain polymerization, MAPK import into nucleus, cytokines, chemokines, as well as small-molecule metabolic metabolites, are the most critical GO terms, which are involved in the occurrence and development of AAU. In addition, pathway analysis identified Staphylococcus aureus infection, chemokine signaling pathways, cytokine-to-cytokine receptor interactions and metabolic pathways as the most important pathways. The result of the analysis of the function and pathways of DEGs supported that there were marked changes in the immune and inflammatory reactions in HLA-B27-positive AAU patients compared with the controls. We observed the inflammatory reaction of activated mononuclear cells in this experiment by using the LPS as a stimulus. It was observed from the pathway analysis that Gram-negative bacterial infection-related pathways activated other downstream pathways, including cytokine-to-cytokine receptor interactions, chemokine signaling pathways, gap junctions, FcγR-mediated phagocytosis and several diverse metabolic pathways.
To screen for the important genes, Signal-Net and Gene-Rel-Net analyses were performed and identified 18 genes that were selected as key genes. Amongst these, particular attention was paid to CDC42 and IRAK3̸M, as our studies suggested that these two genes were more significant compared with others (Table I) . CDC42 is a member of the Rho GTPase family that regulates the organization of the cytoskeleton and membrane, and is involved in cell proliferation, polarity and motility (33) . The Rho family of small GTPases are critical factors involved in the regulation of signal transduction cascades from extracellular stimuli to the cell nucleus, including the JNK̸SAPK signaling pathway (34) . CDC42 has been demonstrated to be a signal point for intracellular signaling networks that monitor multiple signaling pathways, including cytokine receptors, integrins, and responses to physical and chemical stresses (35) . Ito et al demonstrated that knockdown of the CDC42 pathway significantly inhibited the upregulation of inflammatory genes, decreased the increased levels of pro-inflammatory molecules, consequently attenuating the overactivation of immunity. CDC42 regulates the expression of pro-inflammatory molecules by mobilizing the NF-κB pathway, which is closely associated with LPS-mediated TLR4 activation (34) .
Due to the importance of the immune process, other key genes may be worth investigating. Interleukin-1 receptor-associated kinase M̸3 (IRAKM̸3), unlike other active members of the IRAK family (IRAK-1 and -4) is a negative regulator of TLR-mediated immune responses and it was downregulated in our results. The activation of IRAK-M̸3 prevents the dissociation of IRAK-1 and -4 from MyD88 and formation of IRAK-TRAF6 complexes, thereby suppressing production of the downstream pro-inflammatory mediators controlled by TLR signaling (36) (37) (38) . Moreover, it is worth noting that the IRAK-M̸3 is crucial for endotoxin tolerance and its absence enhances the action of inflammatory cytokines (39) . Overexpression of IRAK-M̸3 can downregulate TLR signaling, thus playing an important role in controlling inflammatory and immune responses. In the present study, the expression of IRAK-M̸3 was downregulated in monocytes of AAU patients following stimulation with LPS, as proven in an in vivo study conducted simultaneously. In this sense, we hypothesized that the reduction in IRAKM̸3 expression was significantly correlated with HLA-B27-positive AAU patients.
In the present study, we also compared the concentrations of TNF-α, IL-10 and IL-6 in the culture supernatants of monocytes isolated from patients and their blood relatives. In our previous study, high levels of IL-6 were detected in the aqueous humor of C3H̸HeN mice during endotoxin-induced uveitis (40) . In addition, the concentrations of TNF-α and IL-10 in the culture supernatants of peripheral blood mononuclear cells isolated from patients with HLA-B27-associated AAU were found to be significantly increased following stimulation with LPS (41) . In addition, the concentrations of IL-6, TNF-α and IL-10 were all found to be increased following LPS stimulation in the patients as well as their blood relatives. Subsequently, the elevated concentrations of IL-6, TNF-α and IL-10 in the culture supernatants of monocytes were compared between the patients and their blood relatives following LPS stimulation. Compared with the non-stimulatory group, the concentrations of IL-6 and TNF-α in the patients were significantly higher in the LPS stimulation group. By contrast, the concentration of IL-10 cytokine was significantly higher in the blood relatives. To the best of our knowledge, the pro-inflammatory cytokines IL-6 and TNF-α regulate various aspects of the immune response (42, 43) , whereas IL-10 acts as an immunosuppressive cytokine (44, 45) . Our results demonstrated that there were higher levels of inflammation and lower anti-inflammatory effects in patients with HLA-B27-associated AAU.
In conclusion, monocytes isolated from patients may produce a more intense inflammatory response compared with those isolated from their healthy blood relatives following stimulation with LPS, and monocytes isolated from patients were found to be more sensitive to LPS stimulation. This may be a possible explanation as to why patients with HLA-B27-associated AAU and their healthy HLA-B27-positive blood relatives are all seropositive for HLA-B27, but only the former suffer from AAU. Using gene chip technology to compare monocytes from HLA-B27-positive families with AAU with the control group following LPS stimulation, we identified several potential target genes. Experiments on the peripheral blood of humans and animals are currently being conducted to further elucidate the roles of these key genes in the development of HLA-B27-positive AAU. Future investigation into differentially expressed genes should provide insights into the pathogenesis of AAU.
